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(Si) Geophysical prospecting. 



Method and apparatus are provided for a new 
type of geophysical prospecting. The method 
applies an electric field (111) to a fluid- 
containing porous subsurface formation (118) 
to create a fluid pulse from changes in the 
polarization of pore fluid dipoles. The fluid 
pulse propagates in the subsurface as a seismic 
wave (124) that may be detected by an approp- 
riate array of seismic detectors (126). The ap- 
paratus is a pulsed DC or AC source (116, 110) 
for generating an applied electric field (111) and 
a seismic detector (126). 
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This invention relates to geophysical prospecting, 
and more particularly relates to geophysical prospect- 
ing by detection of acoustic responses generated by 
an electric field. 

Conventional seismic prospecting techniques for 
land involve the use of an appropriate source to gen- 
erate seismic energy and a set of receivers spread out 
along or near the earth's surface to detect any seismic 
signals due to seismic energy being reflected from 
subsurface geologic boundaries. These signals are 
recorded as a function of time, and subsequent proc- 
essing of these signals, i.e. seismic data, is designed 
to reconstruct an appropriate image of the subsur- 
face. In simplistic terms, this conventional process 
has seismic energy traveling down into the earth, re- 
flecting from a particular geologic layer (impedance 
contrast), and returning to the receiver as a reflected 
seismic wave. 

The seismic energy may be so-called shear 
waves (S-waves) or so- called compressional waves 
(P-waves). Shear waves and compressional waves 
differ with respect to their velocities, angles of reflec- 
tion, vibrational directions, and to some extent the 
types of information that may be obtained from their 
respective types of seismic data. However, both types 
of waves suffer similar attenuation by earth forma- 
tions; that is, the earth formations tend to attenuate 
the higher frequency components and allow the lower 
frequency components to pass through the earth rel- 
atively unattenuated. This means that for deeper for- 
mations the low frequency content of the reflected 
seismic energy contains the information about the un- 
derlying subsurface formations. However, because of 
the low frequency of the detected reflected seismic 
energy, the resolution of the reflected seismic energy 
may be insufficient to allow for detection of very thin 
geologic layers. 

Further, if the impedance contrast between adja- 
cent but distinct geologic layers is very small, very lit- 
tle seismic energy is reflected and the distinctness of 
the geologic layers may not be discernible from the 
detected or recorded seismic data. Thus, efforts con- 
tinue to be made to appropriately image subsurface 
layers by geophysical prospecting techniques other 
than by seismic prospecting techniques alone. 

A new technique for geophysical prospecting is 
described in U.S. Patent no. 4,904,942 to A. H. 
Thompson issued February 27, 1990. This patent de- 
scribes a method for petroleum exploration involving 
generating an electric field in a fluid-containing por- 
ous earth formation with a seismic wave. More partic- 
ularly, the pressure gradient associated with a seis- 
mic wave causes fluid to flow in the pores of a porous 
rock formation. When the fluid contains charged spe- 
cies, the flow produces a distortion of electric dipole 
layers and thereby an electric field. The resulting elec- 
tric field propagates to the surface of the earth where 
it may be detected with electromagnetic sensors. 



This so-called electroseismic prospecting techni- 
que may provide additional information about subsur- 
face geologic layers, but will be most sensitive to high 
permeability fluid-filled layers. This electroseismic 

5 technique is not sensitive to low permeability shales 
or shaly rocks. Thus, this technique will not be able to 
determine whether or not the detected, porous pro- 
posed reservoir layer is capped by a low permeability 
sealing layer, or what low permeability layer may be 

10 the source of the petroleum fluids, if any, in the pro- 
posed reservoir layer. 

In addition, there have been published articles 
discussing the theory and use of electrokinetic ef- 
fects. In general, these articles describe laboratory 

15 devices designed to convert electrical energy into 
acoustic or electromechanical energy. For example, 
one such device is a micropipette apparatus employ- 
ing a porous material containing fluid where an ap- 
plied electric field causes the porous material to eject 

20 a very small quantity of the fluid. Such laboratory de- 
vices find limited applicability due to their low efficien- 
cies compared to conventional loudspeakers and 
pumps. 

These and other limitations and disadvantages of 
25 the prior art are overcome by the present invention, 
however, and improved methods and apparatus are 
provided for geophysical prospecting. 

According to the invention there is provided a 
method for geophysical prospecting of a preselected 
30 subsurface region including at least one porous sub- 
surface earth formation containing at least one fluid, 
said method comprising the steps of: 

(a) generating an electric field of sufficient 
strength to penetrate into said preselected sub- 
35 surface region, so as to convert said electric field 

to a seismic wave, said seismic wave resulting 
from fluid dipole motion of said fluid within said 
porous formation caused by said electric field; 
and 

40 (b) detecting said seismic wave with a seismic de- 

tector. 

A preferred application, as will be described be- 
low, uses both electro-osmotic and acoustoelectric 
coupling techniques. 
45 The invention will be better understood by refer- 

ring, by way of example, to the accompanying draw- 
ings, in which:- 

Figure 1 is a simplified vertical sectional view 
through the earth showing one preferred form of ap- 
50 paratus used for geophysical prospecting according 
to one preferred way of performing the invention. 

Figure 2 is a partial cross-sectional view of a por- 
ous formation suitable for generating a seismic wave 
in response to an electric field stimulation in accor- 
55 dance with the teachings of the present invention. 

Figure 3 is a simplified block diagram depicting 
the main steps involved in the novel geophysical pro- 
specting disclosed herein. 
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Figures 4 to 6 are respective, simplified, schemat- 
ic representations of other arrangements of the com- 
ponents of Figure 1 , for modified ways of performing 
the geophysical prospecting; and 

Figure 7 is a simplified schematic representation 
of a modification of Figure 4. 

Referring now to Figure 1, there may be seen a 
simplified arrangement of the apparatus illustrating a 
preferred embodiment of the present invention. More 
particularly, it may be seen that there is an antenna 
110 suitably disposed on or near the surface of the 
earth to generate an electric field 1 1 1 . This "antenna" 
is illustrated in Figure 1 as two metal electrodes 112, 
1 14 partially buried in the earth. Two or more such 
electrodes may be employed, and the electrodes may 
be above or below the water table (not depicted). 
When two electrodes are employed, the electrodes 
may be spaced from about 15 feet (4.6m) to about 
25,000 feet (7,620m) apart. Preferably, the electrodes 
are below the first water table. In addition, a large or 
very large loop of wire (not depicted) laid on the sur- 
face of the earth and carrying a large current may be 
employed as an antenna; similarly, one (or more) 
large coil(s) of wire (not depicted), with or without a 
ferromagnetic core, may be buried in the subsurface 
(preferably below the water table) and employed as 
an antenna. 

A pulsed DC source or an AC source 116 may be 
connected to the antenna to generate a current (not 
depicted) in or adjacent the earth that generates the 
applied electric field 111. The frequency of such a 
source may be from about 1 mil li Hz to about 30 KHz. 
The applied electric field 111 is associated with an 
electromagnetic field 111a resulting from the current. 
This electric field 111 then propagates down into the 
subsurface earth. It should be noted that this electro- 
magnetic wave, unlike an acoustic wave, travels with 
the speed of light in the subsurface. The speed of light 
in the subsurface is less than the speed of light in a 
vacuum or air. The electromagnetic wave in the sub- 
surface will typically travel at a speed approximately 
one hundred times greater than the speed of propa- 
gation for an acoustic wave, in the seismic frequency 
band of about 10-100 Hz. 

This applied electric field 111 encounters fluid di- 
poles 120 associated with at least one fluid in a porous 
earth formation layer. A portion 1 1 8 of this formation 
layer is depicted in an exploded view in Figure 1 . This 
applied electric field causes a change in the polariza- 
tion of the dipoles 120 in the pore fluid, which in turn 
causes the fluid to flow or to generate a pressure 
pulse 122. The flowing fluid (or pulse) produces a time 
varying pressure gradient, which is then propagated 
into the earth formation (or rock). The pressure gra- 
dient then propagates through the subsurface, includ- 
ing to the surface, as a seismic wave 124. The term 
"seismic wave" is used herein to mean any mechani- 
cal wave that propagates in the subsurface of the 



earth, and includes, but is not limited to, P- and S-wa- 
ves. This seismic wave is detected by an appropriate 
seismic detector 126 positioned on or in the surface 
of the earth; this seismic detector may be an array of 

5 detectors, with such detectors being hydrophones or 
geophones. The geophones may be single or multi- 
component geophones, i.e., have one or more axes 
of sensitivity such as vertical, in-line horizontal, and 
cross-line horizontal. 

10 The signals representing the detection of the 

seismic wave may be suitably recorded by a conven- 
tional seismic field recorder (not depicted), usually 
contained in a recording vehicle 128. These signals 
may be processed according to conventional seismic 

15 techniques to recover travel time, depth and/or veloc- 
ity information, as well as subsurface lithology infor- 
mation. Since the recording, analysis, and display of 
such data (before, during, and/or after processing) is 
well known in the art, it will not be discussed in anyde- 

20 tail herein. 

The formation itself is porous, as is more clearly 
illustrated in Figure 2. That is, there are solid rock por- 
tions 201 interspersed throughout with channel-like 
porous spaces 202. The term "porous" is used herein 

25 to mean some earth substance containing non-earth- 
en volume or pore space, and includes, but is not lim- 
ited to consolidated, poorly consolidated, or unconso- 
lidated earthen materials. Where aqueous or polariz- 
able fluid exists, an electrochemical bond may be 

30 formed between the aqueous or polarizable fluid and 
the solid rock portions 201. Such aqueous or polariz- 
able fluid may be, but are not limited to, water, brine, 
hydrocarbons, petroleum, or combinations thereof. 
This electrochemical bond is represented by the "+" 

35 symbol in the fluid portion and the "-" symbol in the 
rock portion of the formation. In general, the rock por- 
tion 201 has an existing natural surface charge. This 
electrochemical bond may result in a local pore fluid 
dipole that causes a local background pre-existing 

40 electric field. It should be noted that, overall, there is 
no net dipole in unperturbed rock and its associated 
fluids. 

The sign of the background pre-existing electric 
field or field polarity direction depends on the surface 

45 charge on the solid and the way the fluid screens out 
that charge. In clays, the charge is typically as shown 
in Figure 2. However, in carbonates, the charge could 
well be reversed, i.e., with the "+" charge on the solid. 
When the applied electric field 111 interacts with 

so the formation, as illustrated for a region of the forma- 
tion, there is a change in the background electric field 
that acts upon the established fluid dipole 120 or the 
charges associated with that dipole, causing fluid 
movement. This is illustrated by the applied electric 

55 field 1 1 1 from the electromagnetic wave 111a shown 
in Figure 1 and Figure 2. Although the applied electric 
field 1 1 1 may be a "pulsed" or "AC" field (i.e., resulting 
from a pulsed DC source or an AC source), the ap- 
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plied electric field 111 depicted in Figures 1 and 2 is 
a static electric field for ease of illustration purposes. 
This applied electric field 1 1 1 has the effect of modi- 
fying the electrochemical bonds or moving the charg- 
es (depicted by the small arrows above and below the 
"charges" in the fluid in Figure 2), thereby effectively 
creating a pressure pulse where the bonds are distort- 
ed or broken. This applied electric field 1 1 1 is through- 
out the fluid area and primarily affects the charges of 
the dipoles 120 which are at or near the fluid surface 
or interface of the rock. Thus, a pore fluid pressure 
pulse is generated from the resulting charge move- 
ment and this resulting pressure pulse is transmitted 
to the solid rock portions of the formation. In turn the 
pressure pulse is transmitted through the rock por- 
tions as a seismic wave 124. Thus, an appropriate 
subsurface formation layer may be a subsurface 
source of seismic energy. 

A portion of this seismic energy may travel up- 
wardly from the formation (seismic wave 124) towards 
the surface, where it may be detected by a seismic de- 
tector or an array of detectors. Of course, if there are 
conventional seismic reflection boundaries between 
the formation and surface, seismic reflections may oc- 
cur and may be detected by the detector array, also 
in a conventional fashion. The detection of the result- 
ing subsurface generated seismic wave, however, will 
occur whenever there is fluid in a porous formation, 
preferably of low permeability. 

When both the detectors and the electrodes are 
located at the surface of the earth, as illustrated in Fig- 
ure 1, detected seismic response indicates the pres- 
ence of a fluid-containing subsurface layer. By ana- 
lyzing the detected seismic response, it is possible to 
determine how many such layers are present and the 
depth of such layers. 

It is possible to "tune" the wavelength and/or am- 
plitude of the applied electric field to select the depth 
to which the field effectively penetrates the earth. In 
general, electric fields with longer wavelengths and 
from higher currents will propagate deeper into the 
earth. 

The amplitude and frequency content of the seis- 
mic wave generated at a fluid-containing subsurface 
layer is expected to be dependent upon the frequency 
of the applied electric field, the thickness of the layer, 
and the depth of the layer. By analyzing the frequency 
content of the detected seismic wave, a measure of 
the permeability of the layer that generated the seis- 
mic wave may be determined. 

As previously noted, the electric field may be the 
electric field associated with an electromagnetic 
wave. Accordingly, a pulsed DC current source or an 
AC current source may be suitably connected to an 
antenna or electrodes to generate the electromagnet- 
ic field. The frequency of the pulses or AC frequency 
of the source may be adjusted and the magnitude of 
the current may be adjusted. 



For an AC source, the frequency may be swept 
through a range of frequencies, analogous to the 
sweep frequencies of a seismic vibrator. An AC 
source may consist of a signal function generator and 

5 an amplifier sufficient to amplify the AC signal to a cur- 
rent and voltage level required to generate a field of 
sufficient strength for the subsurface area of interest. 
An AC source may also consist of a constant speed 
or variable speed motor-driven AC generator. 

10 A pulsed DC source may consist of a signal pulse 

generator and an amplifier sufficient to amplify the DC 
pulse to a current and voltage level required to gen- 
erate a field of sufficient strength for the subsurface 
area of interest. 

15 The frequency range of such a source should be 

from about 1 milliHz to about 30KHz; conventional 
seismology employs a frequency range of from about 
1 Hz to about 100 Hz. As noted before, the frequency 
selected for the source may be influenced by the de- 

20 sired depth of penetration of the electric field; for very 
deep or deep formations frequencies down to about 
0.1 Hz may be employed. 

A suitable amplifier would be one of the type typ- 
ically used to amplify signals for high-power public ad- 

25 dress or music amplification systems as found in thea- 
ters, stadiums, or other outdoor public gatherings. 
The types of electrodes to be employed in the meth- 
ods of the present invention are those used as a con- 
trolled source for audio-frequency mag netotell uric or 

30 electromagnetic prospecting or surveying. When two 
electrodes are employed, the electrodes may be 
spaced from about 1 5 feet (4.6m) to about 25,000 feet 
(7620m) apart. When more than two electrodes are 
employed, the interelectrode spacing may vary from 

35 this range but the overall length and/or width of the ar- 
ray of electrodes should be of about this same range. 

An array of electrodes may be employed to gen- 
erate a specific type or orientation of electric field. 
More particularly, the array may be analogous to a 

40 fixed phase array and by suitably adjustable electron- 
ic delays a steerable electric field may be generated. 
Alternatively, a plane wave may be generated that 
propagates down into the subsurface. 

Referring now to Figure 3, there may be seen a 

45 simplified block diagram of the presently preferred 
steps of a method for geophysical prospecting ac- 
cording to the teachings of the present invention. 
More particularly, it may be seen that the first step 301 
is generating an electric field. This electric field may 

so be generated, as noted hereinbefore, by placing elec- 
trodes into or on the surface of the earth and then 
passing a current through these electrodes from a 
current or power source. This current produces an 
electromagnetic wave, and the electric wave associ- 

55 ated with this electromagnetic wave is the electric 
field which then penetrates the subsurface of the 
earth. The electrodes should preferably partially pen- 
etrate into subsurface earth and, more preferably, 
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should be disposed below the first water table. 

The next step 302 of the presently preferred 
method of the present invention is to convert this elec- 
tric field to seismic energy via fluid dipoles in a porous 
subsurface earthen layer containing at least one fluid. 5 
As noted hereinbefore, this fluid may be hydrocar- 
bons, water, brine, other petroleum related fluids, or 
any mixture or combination of these fluids. As descri- 
bed hereinbefore, the applied electric field encounters 
fluid dipoles associated with at least one fluid in a por- 10 
ous earth formation layer. This applied electric field 
causes a change in the polarization of fluid dipoles 
and results in a pressure pulse which in turn results 
in a seismic wave. 

The next step 303 in the presently preferred meth- 15 
od of the present invention is to detect this generated 
seismic energy. This seismic energy may be appro- 
priately detected by placing a detector or detector ar- 
ray on or near the surface of the earth. This detector 
and/or array may consist of any appropriate seismic 20 
detector(s). More particularly, appropriate seismic de- 
tectors may be hydrophones or geophones. The ge- 
ophones may have one or multiple axes of sensitivity. 
This detector or array receives the seismic energy 
which has been converted from the electric field in a 25 
subsurface porous earthen layer containing at least 
one fluid. 

In conjunction with this preferred method of geo- 
physical prospecting it may be noted that the appara- 
tus necessary to perform this method consists basi- 30 
cally of the antenna, electrodes or the electrode array 
and a current or power source that may be a pulsed 
DC or AC source and a suitable seismic detector or 
array of seismic detectors located on or near the sur- 
face of the earth . Clearly, th is is the most efficient way 35 
to practice the present invention when there are no 
boreholes penetrating the subsurface; a discussion of 
the apparatus and method as modified when bore- 
holes are present will be discussed later herein. 

A brief explanation of what is currently believed to 40 
be the basis for the present invention is as follows. 
When a pressure gradient is applied to a porous fluid- 
filled rock, an electric field may be generated. This re- 
sulting coupling may be called acoustoelectric cou- 
pling or a streaming potential. When an electric field 45 
is applied to a porous fluid-filled rock, a pressure gra- 
dient may be generated. This coupling may be refer- 
red to as electroacoustic coupling or an electro-os- 
motic effect. A coupling coefficient may be used to re- 
late the amount or degree of coupling for each of so 
these two processes. 

The acoustoelectric coupling coefficient is pre- 
sently expected to be much larger than the electroa- 
coustic coefficient for rocks with high permeabilities, 
i.e., above a few milli-Darcy (mD). This is due to the 55 
different volumes of pore fluid that can respond to the 
excitation. In the acoustoelectric case, the entire fluid 
volume responds to an applied pressure gradient. In 



the electroacoustic case, only the charged fluid in the 
immediate neighborhood of the pore wall responds to 
an applied electric field. For this reason, the efficiency 
of generation of fluid motion from an applied electric 
field is not the same as the efficiency of generation of 
an electromagnetic wave from flowing fluid caused by 
a pressure wave. 

A more detailed explanation of what is currently 
believed to be the basis for the present invention is as 
follows. Phenomenological models of the electroki- 
netic effects of fluids in porous materials have been 
studied in some detail for many years. More particu- 
larly, a paper by John L. Anderson and Wei-Hu Koh 
discusses these models (Journal of Colloid and Inter- 
face Science, 59, 149 [1 977]). The fundamental equa- 
tions connecting currents and fields are the Onsager 
equations. For fluid flow and electrical currents in 
straight tubes, the relationships are as follows: 

Q = y(-AP+ aAV) (1) 
I = £ (aA P + p<T 0 AV), (2) 

where, 

Q = volume flow [m 3 /sec], A = pore area [m 2 ], 
£ = pore length [m], 

k = permeability [m 2 ] = 



8 



for tubes (note that 1 m 2 = 1 0 15 mD), tj = absolute vis- 
cosity [kg/m-sec], A P = pressure difference across 
sample [N/m 2 ], a = electro-osmotic coefficient or elec- 
tro-osmotic mobility [m 2 /V - sec], A V = voltage differ- 
ence across sample [V], I = electrical (ionic) current 
[C/sec], 0 = conductivity enhancement ratio [dimen- 
sionless] = 

conductivity of a tube with surface charges 

conductivity of the same tube with no charges 
and <7 0 = brine conductivity [(Q - m)- 1 ]. 

The electroacoustic coefficient is obtained by set- 
ting the fluid flow of equation 1 to zero giving 

AY = ^k 

A P r\ a. V ' 
For typical values of water in cylindrical (radius often 
microns) tubes of quartz this results in 

AV 



AP 



= 10 4 V/bar (4) 



Thus, it may be seen that for straight tubes of 
quartz 10 microns in radius it would require about 10 4 
volts to generate a pressure of one atmosphere. For 
smaller capillaries and larger surface charges, the 
product of these variables may be significantly larger 
so that this coefficient could be smaller than 10 volts 
per bar. This smaller value of 10 volts per bar sug- 
gests that a sizable acoustic pressure gradient may 
be generated at reasonable voltages. Similarly, for 
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the example of a berea sandstone having a perme- 
ability of 300 mD and typical values of water, the elec- 
troacoustic coupling coefficient is on the order of 10 3 
volts per bar. However, for rocks having pore struc- 
tures with permeabilities on the order of 3 X 10 3 mD 
the electroacoustic coefficient is approximately .3 
volts per bar. 

Thus, for low or very low permeability rock, .3 
volts can generate one atmosphere of pressure. This 
pressure generated in a pore fluid may be effectively 
coupled to the rock matrix to provide a source of seis- 
mic energy. The problem of coupling or converting flu- 
id pressure variation to an acoustic wave is discussed 
in "Radiation from a Point Source and Scattering 
Theory in a Fluid Saturated Porous Solid", A. N. Norris 
(Journal of Acoustic Society of America 77 (6), 2012 
[1985]). Norris discusses two kinds of impulsive 
sources: (1) a point load displacement applied only to 
the solid component, and (2) a point load displace- 
ment applied to the fluid. Both of these sources gen- 
erate P-waves and S-waves. For frequencies of inter- 
est to seismic exploration, the ratio of fluid to solid dis- 
placement for a compressional wave is approximately 
1 , meaning that the same P-wave is generated when 
the load (pressure variation) is applied to the fluid as 
when the load is applied to the solid. In general, the 
same result holds for the S-wave. 

Thus, when the electroacoustic coupling coeffi- 
cient is large, there will be an efficient generation of 
propagating seismic waves. In particular, the conver- 
sion from a local pressure variation in the fluid to a 
propagating seismic wave does not involve any addi- 
tional dependence upon permeability. Thus, low per- 
meability rocks can be expected to be good sources 
for this electroacoustic conversion. 

Laboratory results confirm that the induced pres- 
sure produced by an electromagnetic wave in the 
earth can be estimated from the previously described 
equations. Using these equations, the expected 
acoustic response of a subsurface earth formation 
(stimulated by an applied electric field) has been com- 
pared to conventional seismic reflection amplitudes. 
For one particular model, an antenna of 100 meters in 
length with an AC current of 100 amps and frequen- 
cies in the seismic band of frequencies (10-100Hz) 
was used. The expected pressure generated at a for- 
mation down to a depth of 1 ,000 meters for the elec- 
tromagnetically induced pressure gradient and for 
that induced by a 1 lb. (454 gm) dynamite shot were 
found to be of the same order of magnitude. 

Thus, this model demonstrates that the electro- 
magnetically induced seismic wave amplitude can 
have the same order of magnitude amplitude as a 
conventional seismic reflection from the same forma- 
tion. Further, the electroacoustic effect is expected to 
be frequency dependent (for frequencies of interest 
for seismic exploration) in an inhomogeneous rock or 
a rock with a distribution of pore sizes. The induced 



pressure gradient is proportional to the frequency of 
the applied electric field. Thus, the resulting seismic 
wave generated by the electric field may have a suf- 
ficiently high frequency (up to about twice that of the 
5 electric field) so as to enhance resolution of thin geo- 
logic layers. 

Thus, it may be seen that in another embodiment, 
the present invention provides a method for geophys- 
ical prospecting by generating an electric wave, con- 
to verting that electric wave into a seismic wave in a flu- 
id-containing porous subsurface geologic layer, and 
detecting the so-generated seismic wave. Further, 
the electric wave may be associated with an electro- 
magnetic wave and may be generated by an appro- 
15 priate current passing through the earth. 

Now referring to Figure 4, an alternate placement 
of the electrodes 412, 414 for generating an electric 
field 111, relative to the seismic detectors 426 is 
shown. In Figure 4, the electrodes 412, 414 are 
20 placed in a well bore 420 penetrating the subsurface 
of the earth. Although two electrodes are depicted, 
more than two electrodes may be so employed. Fur- 
ther, even though the two electrodes are depicted with 
one near the top of the well bore and the other near 
25 the bottom of the well bore, the electrodes may be lo- 
cated proximate each other and be positioned at any 
depth along the borehole. Figure 4 also depicts the 
seismic detector array 426 laid out along the surface 
of the earth. Clearly, the positions of the electrodes (in 
30 the borehole) and the array (on the earth's surface) 
may be interchanged so as to have the array in the 
borehole and the electrodes on or near the earth's 
surface. 

Referring now to Figure 5, both the seismic detec- 

35 tor array 526 and the electrodes 512, 514 are located 
in a single borehole 520. Clearly, the relative locations 
of the array and electrodes may be interchanged. Fur- 
ther, the electrodes and array may physically overlap 
either partially or completely. Again, any number of 

40 electrodes may be employed. Preferably, the electro- 
des and array may be part of a single well logging tool 
(not depicted) that may be employed in a conventional 
manner to log fluid-containing porous layers penetrat- 
ed by the borehole using the electroacoustic effect of 

45 the present invention. 

It should be noted that since the frequency of the 
seismic wave that is generated may be in the same 
frequency range as conventional seismic prospecting 
techniques, the information obtained by well logging 

so with this method should be more easily matched or 
"tied" to seismic cross-sections than conventional 
well log information; the seismic cross-sections may 
be obtained before, during or after the drilling of the 
borehole which has been logged. 

55 In a similar manner, Figure 6 depicts the position- 

ing of the electrodes 612, 614 in one borehole 620 and 
the seismic detector array 626 in an adjacent bore- 
hole 630. Again, in accordance with the teachings of 
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the present invention, a plurality of electrodes may be 
employed and/or their respective and/or overall loca- 
tions in the borehole may be varied. 

Thus, it may be seen that an additional embodi- 
ment of the present invention provides a method of 
conducting cross- borehole tomography. More partic- 
ularly, it may be seen that this embodiment of the 
present invention employs the electric field to gener- 
ate a seismic wave adjacent one borehole which may 
then be used to generate images by appropriate proc- 
essing of the tomographic data received by detectors 
in a second adjacent borehole. The processing of the 
tomographic data to obtain information about the sub- 
surface materials lying between the boreholes is con- 
ventional and well known in the art and, accordingly, 
is not discussed herein. 

Referring now to Figure 7, there may be seen a 
modification of the components of Figure 4. More par- 
ticularly, there may be seen a cased borehole 720, 
rather than the uncased borehole 420 of Figure 4; that 
is, the borehole contains casing (or piping) 750 ex- 
tending to some depth of the borehole. This casing 
750 may be employed as an antenna to radiate an 
electric field into the subsurface earth. The casing is 
used as one electrode 712 and a second electrode 
714 is located some distance (up to a mile or more) 
from the borehole. The casing and second electrode 
714 are appropriately connected to a power source 
716, as noted earlier herein. Figure 7 also depicts a 
detector array 726. 

In a similar manner, the components of Figures 5 
and 6 may be modified for use in a cased borehole. 
That is, one electrode of the Figures may be the cas- 
ing and the other electrode may be in the borehole or 
on or at the surface of the earth. Clearly, however, the 
arrangement of components depicted in Figures 4-6 
may still be employed, even if the borehole is cased 
and without using the casing as an electrode; for 
these cases, the electrodes must be placed in non-ca- 
sed portions of the borehole. 

Further, the techniques disclosed herein may be 
combined with those of U.S. Patent no. 4,904,942, 
which as described earlier uses the acoustoelectric 
effect. The acoustoelectric technique provides for the 
detection of more porous formations, i.e., those with 
high permeabilities, which may be candidates for oil 
and gas reservoirs. The techniques disclosed herein 
when used to explore the same subsurface area 
would provide for the detection of a low permeability 
cap or sealing rock on top of the proposed reservoir 
formations, as well as an estimate of the permeability 
of the cap rock, neither the proposed reservoir nor the 
cap rock, which are easily detectable by the combin- 
ation of the two techniques, may be detectable by 
conventional seismic prospecting techniques. More 
particularly, a direct indication of permeability (which 
is not available from conventional seismic data) is 
available from this combination of the two techniques. 



Thus, the combination of the two techniques can re- 
sult in information not otherwise obtainable without 
drilling a borehole. Similarly, the two techniques may 
be employed to log a borehole. 

5 

Claims 

1 . A method for geophysical prospecting of a prese- 
10 lected subsurface region including at least one 

porous subsurface earth formation containing at 
least one fluid, said method comprising the steps 
of: 

(a) generating an electric field of sufficient 
15 strength to penetrate into said preselected re- 
gion, so as to a convert said electric field to a 
seismic wave, said seismic wave resulting 
from fluid dipole motion of said fluid within said 
porous formation caused by said electric field; 

20 and 

(b) detecting said seismic wave with a seismic 
detector. 

2. A method as claimed in claim 1 , wherein said said 
25 steps of generating an electric field and detecting 

said seismic wave are both performed at or near 
the surface of the earth. 

3. A method as claimed in claim 1, wherein one of 
30 said steps of generating an electric field and de- 
tecting said seismic wave is performed at or near 
the surface of the earth and the other of said steps 
is performed in a borehole penetrating into the 
earth. 

35 

4. A method as claimed in claim 1, wherein said 
steps of generating an electric field and detecting 
said seismic wave are both performed in a bore- 
hole which extends from the surface of the earth 

40 into said preselected subsurface region. 

5. A method as claimed in claim 1 , wherein said step 
of generating an electric field is performed in a 
first borehole penetrating into the earth and said 

45 step of detecting said seismic wave is performed 

in a second borehole penetrating into the earth, 
and wherein said preselected subsurface region 
is located generally between said first and second 
boreholes. 

50 

6. A method as claimed in any preceding claim, 
wherein said step of generating an electric field 
comprises activating a pulsed DC or an AC power 
source, connected to an antenna, to generate an 

55 electric field through said antenna. 

7. A method as claimed in claim 6, wherein said an- 
tenna comprises at least two metal electrodes 
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positioned at least partially in the earth. 

8. A method as claimed in claim 7 as appended to 
claim 3, 4 or 5, said method further comprising 
placing at least one of said metal electrodes in 5 
said borehole for generating said electric field. 

9. A method as claimed in in claim 7 or 8, wherein 
at least one of said metal electrodes comprises 
borehole casing in said borehole, for generating 10 
said electric field. 

1 0. A method as claimed in any preceding claim, said 
method further comprising the step of recording 

the signals detected by said seismic detector. 15 
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